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Abstract: The ideal cutting-tool coating material is characterized by unique chemical and physical
properties to achieve excellent cutting performance, a good thermal barrier effect, and a high-quality
machined surface. Diamond-like carbon (DLC) coating, as a kind of cutting-tool coating material, has
been used in cutting various materials due to its low coefficients of friction and thermal expansion,
high hardness, and good chemical inert and thermal conductivity. This article mainly focuses on the
modification methods for the DLC coating and their application in machining different materials.
Firstly, the methods employed to improve the mechanical properties of DLC coating are reviewed
and analyzed, including the multilayer structure design, transition layer, and doping other elements.
Secondly, the machining performances of DLC-coated tools in the application of different materials are
summarized. This review provides knowledge of modification mechanisms regarding DLC coating
and its effects on mechanical properties. For machining different materials, it provides a reference to
make a suitable selection and design of DLC coating to obtain better machining performance.
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generating a large amount of stress, strain, and heat accumulation [1]. The cutting-tools’
failures are presented in the form of a blunt cutting tip, flank wear, rake wear, and a built-up
edge (BUE), as shown in Figure 1. A BUE involves the chip adhering to the cutting-edge
under high force and heat, especially in machining lightweight alloys. The fatigue fracture
occurs at BUE and forms abrasive particles because of cyclical stress under the contact with
the workpiece, which accelerates cutting-tool wear, destroying the cutting-edge profile
and deteriorating the surface finish quality of the workpiece, affecting the dimensional
precision of the machined part [1]. The surface quality and dimensional precision of the
workpiece are crucial evaluation indicators for the cutting process, which is correlated not
only with BUE formation but also with the tool edge radius. A large tool edge radius causes
ploughing deformation rather than chip formation, which in turn increases tool wear and
does not completely cut off chips, and the chips pile up on the surface of the machined
This article is an open access article  Material, leading to burr formation [2,3]. Burr formation depends not only on the sharpness
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Figure 1. Schematic illustration of cutting-tool failures.

Generally, the failure of cutting tools develops in three stages, namely the running-in
stage, stable-state stage and catastrophic damage stage. Cutting tools wear quickly at
the initial stage because of the high stress induced by the rough surface of the tools. The
material removed from the specimen mainly occur at the second stage, where the cutting
tools are used with little wear damage. Elevated cutting force and heating accumulation
cause excessive tool-edge wear at the third stage. A. Suarez et al. [4] investigated the tool
wear patterns on turning inserts used on alloy IN718.

Tool wear occurs under a comprehensive effect that involves mechanical, thermal and
chemical effects. The wear mechanisms include abrasive, adhesion, diffusion and oxidation
wear, the reasons, results and solutions of which are illustrated in Figure 2.
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Figure 2. Wear mechanisms of the cutting tools.

Thus, cutting tools with a combination of high hardness, excellent wear resistance,
superior chemical inertness and superb thermal stability provide a desirable machining
performance and a high surface quality of machined materials.

1.2. Cutting Tools with Coatings

Cutting-tool materials are classified into three types, consisting of high-speed steel,
cemented carbide, and super-hard materials. Powder metallurgy high-speed steel is a novel
steel with high strength and toughness, which can be used as a cutting tool with a long
service life. Cemented carbide is dominant among tool materials due to its competitive
cutting performance in high-speed cutting and dry cutting. With the help of doping with
rare earth elements, nanotechnology, and ultra-hard coating technology, cemented carbide
is extensively used in the machining field. Super-hard materials mainly include ceramics,
polycrystalline cubic boron nitride (PCBN) and polycrystalline cubic diamond (PCD) [5],
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with ultra-high hardness and anti-wear properties, significantly increasing the cutting
efficiency, especially in difficult-to-machine materials.

Because of a combination of high hardness, superior wear resistance, anti-oxidation
and chemical stability together with a low friction coefficient, a coating material with
a compound structure deposited on cemented carbide can protect the substrate against
mechanical damage and thermal heat, alleviate friction between the tool and the chips, and
ensure valid and stable cutting under high cutting temperatures [6,7]. As demonstrated by
Jamari J et al. [8], a lower coefficient of friction enhances the wear performance.

There are a great number of studies [9-13] examining wear and cutting mechanisms
and the design of coating materials to increase the durability and cutting efficiency. In
the literature, coatings with high wear resistance, including TiAIN, AICrN, and diamond,
diamond-like carbon (DLC) coatings, exhibited excellent cutting performance. S.N. Grig-
oriev et al. [9] adopted the PECVD technology to deposit nano-multilayer DLC-5i/DLC
onto cemented carbide to obtain high thermal stability. The nano-multilayer DLC-Si/DLC
cutting tool exhibited a longer lifetime than the single-layer DLC cutting tool. L. Huang
et al. [10] fabricated a Ti-DLC/ «-C:H multilayer-coated cutting tool with high adhesion
and toughness to highly improve the cutting performance. Ch Sateesh Kumar et al. [11]
reported that the cutting tool with a DLC coating provides better anti-adhesive perfor-
mance in the dry turning of hardened 52,100 steel owing to the low-friction coating. A.L
Fernandez-Abia et al. [12] evaluated the performance of four PVD-coated tools for turning
austenitic stainless steels and analyzed cutting forces and flank wear evolution. Rodriguez-
Barrero S. [13] investigated the cutting performance of nanostructured coatings in droplet
elimination, maintaining a greater hardness at a higher temperature. A. J. Sdnchez Egea
et al. [13] analyzed the cutting performance of diamond blades in dry-cutting concrete.

The cutting forces [14] and heat accumulation developed during materials” machin-
ing operation are extremely critical in determining the surface quality of the machined
workpiece and the performance and durability of the cutting tools [15,16]. As is known,
the cutting forces reduce with an increase in cutting speed or a reduction in feed rate, and
the temperature increases with an increase in both cutting speed and feed rate [17]. Luis
Norberto Lopez de Lacalle et al. [18,19] reported the relationship between cutting force and
surface quality and analyzed the surface roughness in machining the brittle and ductile
materials [20].

Employing coolants is a common method used to reduce the cutting forces and
temperature in most cutting process [21]. However, the coolants generated adverse impacts
on the manufacturing cost and the environment [22-24]. Therefore, the development of dry
cutting applications has attracted more attention and has been promoted, which requires a
novel cutting tool with a low coefficient of friction (CoF) and superior anti-wear properties
to reduce the machining force and temperature. DLC coatings are considered suitable
candidates for dry machining.

1.3. Diamond like Carbon (DLC)

DLC films originally entered the machining field as a cutting-tool coating material in
the 1990s, satisfying the modern manufacturing requirements of superior hardness and
toughness, excellent wear resistance and a low CoF, which contributed to enhancing the
adaptability and durability of cutting tools [25,26]. DLC features a metastable amorphous
structure, which is a spatial grid formed by a sp® hybrid bond of the diamond phase and a
sp? hybrid bond of graphite cluster phase [27], the ratio of which varies within a wide range.
Therefore, DLC has the characteristics of both diamond and graphite, with a combination
of chemical inertness, high hardness (ranging from 30 to 50 GPa), low friction coefficients
(0.1), good anti-adherence and high wear resistance [28]. DLC coating is used in various
fields of industry, including cutting tools, machinery components, computer equipment,
biomedical products, etc.

The mechanical performance of DLC films relies on the proportion of sp® bonds,
which is strongly associated with the ions’ energy in the deposition process and with the
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deposition method [29]. DLC films can be fabricated by means of a variety of deposition
techniques [29]. The common magnetron sputtering methods are characteristic of rather
low ionization, causing poor mechanical properties on account of the chemical state of
the DLC films with a high proportion of sp? bonds. However, a high sp® proportion can
be obtained by means of tetrahedral amorphous carbon (ta-C) deposited using a cathodic
vacuum arc generating plasma with a high fraction of highly charged ions, improving the
mechanical properties. The ideal ion energy (100 eV) for the highest sp® proportion can be
obtained by adjusting the negative bias to the substrate. Plasma-enhanced chemical vapor
deposition (PECVD) is employed to prepare the hydrogenated amorphous DLC (a-C:H)
films containing a large amount of hydrogen.

1.4. Review Objective

A DLC-coated tool with a low friction coefficient and good anti-adhesive properties
has a reduced cutting temperature and cutting forces, which can improve the cutting perfor-
mance. The critical problem of DLC coatings deposited on cutting tools is the high internal
compressive stress and poor adhesion strength to limit the cutting performance [30]. The
failure modes of DLC coatings and causes were shown in Figure 3. Many different methods
can be used to solve this limitation and to synthesize thicker DLC coatings. Knowledge
of the impact of DLC coating modification on mechanical and cutting performances is
an important issue for machining different workpieces. Several studies have undertaken
such research, but systematic and detailed reviews referring to the cutting performance of
DLC coatings are still lacking. The discussion of various means to develop the mechanical
properties of DLC coatings, and the cutting performance of modified DLC coatings are
reviewed and analyzed in this study.

The failure modes of DLC coatings and causes

Mismatching
in mechanical
properties
between DLC
coating and
substrate

Buckling,
spalling,
peeling off
from the
substrate

@

poor toughness

Figure 3. The failure modes of DLC coatings and causes.
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2. Methods to Improve Mechanical Properties for DLC Films

Despite various merits characterized by DLC films, there are some limitations to their
performance. Both the high residual compressive stress from the complicated cross-linked
sp? bonds and thermal stress from the mismatches of the elastic modulus and expansion co-
efficient between the DLC film and the substrate give rise to weak adhesion to the substrate
and poor toughness. Especially under harsh cutting conditions with high cyclic fatigue,
DLC films with a high compressive stress tend to fracture or even flake off in the initial
phase, which significantly restricts their cutting application [31-33]. A great many studies
aimed to increase the toughness, adhesion strength and tribological characteristics of DLC-
coated cutting tools using various methods. These studies adjusted the ratio of sp3/sp?
hybridization bonds by changing deposition parameters and designing the film material
composition or structure, such as an alternated multilayer architecture design, doping
with metal elements and interlayer deposition. Figure 4 shows the systematic diagram of
modification methods of DLC coatings and the limitations that need to be resolved.
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Figure 4. Systematic diagram of modification methods of DLC coating and limitations that need to
be resolved.
2.1. Multilayer System
Based on the plastic deformation mechanism of the multilayer architecture, the mul-
tiple interfaces restrict the dislocation and defects in crystalline lattices and free volumes
in amorphous structures, which contributes to improving the hardness and toughness.
In addition, the defect being pinned by multi-interface structures helps to prevent crack
formation and propagation under complicated stress field, where the multilayer interfaces
act as barriers to stopping defect coalescence [34,35]. The schematic illustration of the
stopping cracks mechanism of the multilayer design is shown in Figure 5d. Numerous
studies have reported that the multilayer structure design for DLC films provides an in-
crease in hardness and toughness and a decrease in internal stress, and further increases
the tribological properties.
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Figure 5. The effects of a bilayer period on the mechanical properties. (a) Elastic modulus and hard-
ness, and (b) residual stress of WC/DLC coatings for the bilayer period [34]. (¢) Schematic illustration
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of the dislocation mechanism of the multilayer strength operative at different length scales [35].
(d) Schematic illustration of the stopping cracks mechanism of the multilayer design.

Some studies referred to multilayer films composed of DLC and nitride alternant
layers, such as TiN/a-C:H [36] and TiAIN/DLC [37]. The incorporation of carbon layers
makes the biggest contribution to improving tribological properties. In addition, when the
number of nitride layers increased, the hardness, CoF and wear resistance increased, but
the fracture toughness decreased. The mechanical and tribological performances of the
novel TiN/a-C:H multilayer coatings strongly depend on the bilayer period and thickness
ratio [36]. Among them, the TiN/a-C:H coating with a 125 nm bilayer period and a 1:1
or 1:2 thickness ratio exhibited the optimal properties in hardness, fracture toughness
and adhesion with the substrate, which showed better wear resistance. The TiAIN/DLC
multilayer film [37] obtained at the bias of —150 V with a Cr/CrCx/CrC transition layer
exhibited excellent adhesion (L¢c = 63 N) with the substrate, which is related to the surface
morphology. The smooth surface obtained at a high bias is conducive to ion migration
and diffusion to improve the adhesion. The thick TIAIN/DLC multilayer coating (4.5 um)
without any interfacial failure was fabricated by adopting the gradually increasing biases
and suitable composition.

There are some studies concerned with the multilayer films composed of alternating
layers of DLC and WS;, named DLC/WS,. The multilayered DLC/WS, coatings [1]
deposited on the milling inserts were characterized by a coefficient of friction of 0.05 and
high hardness, which are ascribed to the formation of a low CoF lubricant layer of WS
and the increase in the interface adhesion strength, respectively. The WSy /a-C multilayer
films [38] with an optimum thickness ratio exhibited an increased hardness, decreased
adhesion and better tribological performances compared with a single WSx film.

In some studies, the multilayer films composed of alternating layers of DLC and
carbon-containing compound, such as Ti-DLC/a-C:H [10] and WC/DLC [34], were con-
sidered as candidates to further improve the hardness and adhesion. The Ti-DLC/a-C:H
multilayer film displayed a lower fraction of sp® bonds and a higher content of sp? bonds
compared to the monolayer a-C:H film, which verified that the compressive stress of the
DLC film can be effectively released by an alternating multilayer construction. In addition,
the Ti-DLC/a-C:H multilayer film showed superb adhesion to the substrate, toughness and
the lowest CoF and wear rate, superior to each monolayer film, implying an excellent wear
performance. Narguess Nemati et al. [34] introduced a multilayered WC/DLC coating with
the combination of super-high hardness (>45 GPa), high H/E (~0.15), low compressive
residual stress (<3 GPa), excellent creep deformation resistance and highly resistant wear
behavior (wear rate < 1073 mm?3/n mm) by optimizing the period number and adopting
low-temperature annealing, which is the highest state in the mechanical properties of
the multilayer. The migration and diffusion of carbon from WC to the DLC layer after
annealing at 250 °C resulted in a rise in the fraction of sp3 bonds. Hence, low-temperature
annealing (<400 °C) generated an increase in the mechanical properties of the coating
through the thermally induced redistribution of carbon. Figure 5a,b illustrate that the
hardness, elastic modulus and residual stress of the WC/DLC coating are significantly
correlated with the bilayer periods. The dislocation mechanisms of metallic multilayers are
illustrated in Figure 5c. The Hall-Petch model fits the data well in the layer thickness range
of 5-100 nm, but overestimates the strength at lower thicknesses.

Some studies reported that the alternating hard DLC-layer and soft DLC-layer mul-
tilayer architecture was synthesized by adjusting the bias voltages. Jing Wei et al. [39]
reported that tetrahedral amorphous carbon (ta-C) films with a multilayer construction
of alternating high-sp3-fraction and low-sp?-proportion layers were synthesized at bias
voltages alternating between —150 V and —50 V (M-1) using the filtered cathodic vacuum
arc (FCVA) technique. The wear rate and mechanical properties of the different multilayers
are shown in Figure 6. Multilayer ta-C film with optimum period ratio showed lower
residual stress (6.2 GPa), a lower wear rate (2.87 x 1077 mm?®/n m) and a lower coefficient
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of friction (0.06) than that of the single ta-C film. In addition, the multilayer architecture
effectively restricted spalling and peeling of ta-C film. Yanyan Lin et al. [40] reported that a
DLC multilayer coating comprising alternating hard layers and soft layers was fabricated
by using an unbalanced magnetron sputtering system. The wear rate of DLC coatings with
different bilayer periods and thickness ratios, and the SEM morphologies of the worn wear
tracks at an applied load of 80 N, are illustrated in Figure 7. Among them, the 50% hard
multilayer with a bilayer thickness of 61 nm displays better toughness and anti-abrasive
properties than the monolayer hard DLC coating, especially at a contact load of 3.65 GPa.
Under the high load, toughness is crucial to influence the wear resistance, while under
the low load, the wear rate is highly related to the hardness. The alternating incorporated
low-sp3-fraction layers in the multilayer construction contribute to plastic deformation by
alleviating the high compressive stress. In addition, the interfaces between the soft layer
and the hard layer in the multilayer architecture provide barriers to restrict the initiation
and propagation of cracks.
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Figure 6. DLC multilayer construction of alternating high-sp3-fraction and low-sp>-proportion
layers [39], M-1: 51/60 (sp3 content ratio), M-2: 44:60, M-3: 36:60, YG6: substrate. (a) Friction
coefficient curves against sliding times. (b) Average friction coefficient and wear rate of samples.
(c) Wear rate, hardness and H/E ratio of the samples. (d) Surface and cross-sectional profiles of
wear tracks.

Considering the effects of the multilayer structure design on the mechanical properties
of the DLC coating, a few mechanisms can be obtained as follows:

(1) The multilayer structure design for DLC films provides an increase in hardness and
toughness and a decrease in internal stress, and further increases the tribological
properties, due to the multi-interface structures.

(2) The multilayer interfaces act as barriers to defect coalescence and prevent crack
formation and propagation under a complicated stress field, which improves the
toughness of the coating.

(3) Both the bilayer period and the thickness ratio are important parameters to control
the performance of the multilayer DLC coating.
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Figure 7. Wear rate of DLC coatings (A) with different percentages of hard-layer thickness and
(B) with different bilayer thickness. Typical coefficient of friction curves of DLC coatings (C) with
different percentages of hard-layer thickness and (D) with different bilayer thickness. and SEM
morphologies of the worn wear tracks, applied load: 80 N. (a) single layer soft DLC, (b) 50% hard
multilayer DLC, (c) single hard DLC. (d—f) are the magnified images of the corresponding white
rectangle area in (a—c) respectively. (g-i) are cross-sectional 2D profiles of the wear track [40].

2.2. Transition Layer System

A valid solution to relieve the high internal stress and increase the adhesive strength
to the substrate in DLC coatings is a small gap in elastic modulus values between the
coating and the substrate, which improves the wear resistance and durability of the DLC
coatings. The introduction of graded transition layers between the DLC and the substrate
can successfully address this issue, generating the redistribution of the internal stress and
high adhesion to the substrate.

In several studies [41-43], introducing a carbon-containing intermediate layer in-
creased the adhesion strength to the substrate of the DLC coating. The transitional layer
of silicon (Si)-doped diamond-like carbon (Si-DLC) significantly enhanced the adhesion
strength between the DLC coating and the nitrile-butadiene rubber (NBR), showing excel-
lent tribological performance and taking advantage of piston seals [42,43].

Some studies reported that the nitride layer acted as a transition layer to enhance the
adhesion. The (Cr,ALSi)N layer, featuring high hardness (55 GPa), sufficient ductility and
high thermal stability, was used as a transition layer between the (Al;O3 + TiC) ceramic
substrate (hardness of 15-20 GPa) and the DLC coating (hardness from 30 to 80 GPa) [9].
The (Cr,ALSi)N transition layer exhibited excellent adhesion strength and good plasticity,
improving the wear resistance of the DLC coating. W. Henderer et al. [44] reported that the
TiSiN-CrCx/a-C:H double layers coated on the cutting tools improved cutting performance
in tapping aluminum-silicon alloys, owing to the TiSiN base layer with high hardness and
the CrCx /a-C:H top layer with low CoE. According to Javier Fernandez Landeta [45], lower
force and torque values resulted in lower tap wear. Li-Chin Cheng et al. [46] proposed
that the CrAlSiN/DLC double layers exhibited higher hardness and lower CoF than the
single-layer CrAISiN.

A few studies used metals as an interlayer connecting the substrate and the DLC
coatings, and found that the formation and stabilization of sp? cluster size mainly depend
on the chemical nature of different metals [47—49]. Fatemeh Shahsavari et al. [50] applied
Ni and Cr metallic interlayers to increase the adhesion between the silicon substrate and
the DLC coating. The DLC coatings prepared on Cr layers were characterized by a much
smoother morphology, as shown in Figure 8a,c, along with more sp® bonding and much
lower residual stress than those on Ni layers, which was ascribed to them forming stable
carbides and applying more sites for the nucleation and growth of carbon atoms. Moreover,
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delamination

the Cr interlayer with a thickness of 40 nm not only improved the adhesion of the DLC
films but also generated the lowest CoF, better wear resistance and the highest hardness
(27 GPa), as shown in Figure 8. Both the chemical (atomic structure) and physical (thickness
and surface roughness) properties of interlayers played a role in the final morphology,
mechanical and tribological properties of DLC film.

Normal Load (uN)

- 200 400 600 800 1,000
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03

L
0.2 M Ni40
'QI'.MW Cr40

) 8
=

Friction Coefficient

01

0.0+

v . v . v
1 2 3 4

Seratch Distance (pm)

Figure 8. DLC coating with Ni and Cr metallic interlayers [50]. AFM images of the Ni nanolayer
(a) and the Cr nanolayer (c); AFM images of nano scratch test of DLC on Ni (b) and Cr (d); (e) friction
coefficient with increasing load.

Some studies referred to transition layers with complicated structures, such as mul-
tilayer and graded layer structures. Duminica et al. [51] studied four different transition
layers with a multilayer design employed to enhance the adhesion to the substrate of
stainless steel and global wear resistance, as illustrated in Figure 9. The DLC coating with
a complex multilayer transition layer consisting of a Cr base layer, a CrN intermediate
layer and a Cr/C multilayer (Cr/CrN/Cr-DLC/DLC #2) exhibits cohesive failures with
buckling and spallation at the initial location of the scratch. The Cr/CrN/CrN-DLC/DLC
(#1) coating presents flaking and peeling at the edge of the indentation. On the other
hand, the Cr/Cr-DLC/DLC (#4) coating shows good adhesion strength with a few radial
cracks, and has excellent mechanical and tribological properties. The incorporation of the
CrN layer into the coatings (#1 and #2) gives rise to poor adhesion and more brittleness,
with delamination and peeling located at the border of the contact point compared to
the coating without the CrN layer. The DLC coating with a Cr base layer and a Cr/C
multilayer intermediate layer (Cr/Cr-DLC/DLC #4) seems to be a good candidate with
excellent mechanical properties and wear resistance. Xudong Sui et al. [52] developed the
Cr-containing DLC coating with a transfer layer with a CrN/DLC multilayer architecture,
which is characterized by hard Cr layers in combination with lubricant amorphous DLC lay-
ers, and presents better fracture toughness in the indentation process, in comparison with
the single DLC and CrN coatings with large cracks and delaminated regions. Moreover, the
presence of interfaces in the transfer multilayer structure is conducive to restraining crack
propagation. The CrN/DLC/Cr-DLC coating exhibited a low wear rate, which is attributed
to the DLC lubricant layer, hard CrN load-support layers and interfaces in crack inhibition.
Figure 10 displays the indentation morphologies and 3D images and cross-sectional profiles
of wear tracks sliding with an AISI 440C ball.
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Figure 9. The adhesion evaluation of DLC coating with a complex multilayer transition layer [51].
(a) coating design for the various deposition conditions, (b) scratch track optical observation of
sample #coat 2 and sample #coat 3, (¢) SEM micrographs of the Rockwell test impacts of sample #coat
1 and sample #coat 4.
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Figure 10. Cross-section SEM images of the coatings: (a1) DLC, (b1) CrN, (¢1) CrN/DLC/Cr-DLC;
Indentation morphologies of (a) DLC, (bz) CrN, (cz) CrN/DLC/Cr-DLC; and 3D images and cross-
sectional profiles of wear tracks sliding with an AISI 440C ball [52].
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Based on the influence of the incorporation of the transition layer on the mechanical
performance of the DLC coating, a few mechanisms can be obtained as follows:

(1) The elastic modulus and coefficient of thermal expansion of the transition layer located
between the substrate and the DLC top layer significantly reduce the thermal stress at
the interface and increase the adhesion strength.

(2) A lower surface roughness of the transfer layer results in the formation of a smooth
DLC film with a lower friction coefficient, more stress reduction and better adhesion
strength. The chemical structure of the interlayer was important in the solubility and
diffusion of carbon atoms and consequently in the instability of sp> and sp? bonding.

(3) The intermediate layer with a multilayer architecture not only contributes to stress
relief and adhesion increase, but also to crack propagation inhibition.

2.3. Doping System

Large number of studies reported on the addition of chemical elements (W, Si, Cr,
Mo, Cr, Ti, Ag, Au, Al, etc.) into DLC films, which is a new method for internal stress
reduction and adhesion improvement. Meanwhile, this can suppress the deformation and
propagation of cracks to enhance the toughness.

Some researchers found that some specific metal elements incorporated into the DLC
coating can strongly bond with carbon atoms to form nano-clusters, which generated a
great effect on the mechanical and frictional properties of DLC coatings [53,54]. Yeong
Ju Jo et al. [54] reported that Ti-doped DLC films were deposited by a hybrid system,
and the surface roughness and sp?/sp? ratio increased with the respect to the increase in
the Ti content. The presence of Ti ranged from the amorphous-phase Ti carbide at less
than 2.8 at.% to the nanocrystalline TiC phase, exceeding 4.0 at.%. The introduction of Ti
improved the adhesion of DLC films, as shown in Figure 11. C.W. Zou et al. [55] studied that
DLC coatings doping with different Cr contents (3, 4.8, 7.2, and 9.7 at.%) were fabricated
by using a hybrid system. The ratio of sp?/sp® hybrid bonds rises monotonically with the
Cr incorporation content, which causes a reduction in the elastic modulus and hardness.
The same conclusion occurs in the CrN/DLC/Cr-DLC multilayer coating with a Cr-doped
DLC top layer [52]. Meanwhile, the Cr-DLC coatings demonstrate a dramatic decrease in
the residual stress. The low-Cr content-doped DLC coating presents high thermal stability
and excellent wear resistance without failure in the 400 °C tribological experiment. J.A.
Santiago et al. [56] also found that Cr-doped DLC (Cr-DLC) films with incorporated Cr
amounts varying from 3 to 20 at.% were deposited by means of the co-deposition system
with HiPIMS (Cr deposition) and DC-pulsed technology (C deposition). The low doping
amount of Cr (up to 3 at.%) can maintain the original carbon structure and the mechanical
properties, due to highly energetic plasma discharges from low HiPIMS frequencies. Cr-
doped DLC exhibited decreased hardness, elastic modulus, internal stresses, friction and
wear rate in comparison with the DLC coating. In addition, the low Cr-doped DLC (at.%)
coating shows good ductility and wear behavior during the sliding test, in particular at
high temperatures. The experimental results of the Cr-doped DLC film are illustrated in
Figure 12.

Ai-ying Wang et al. [57] studied W-incorporated DLC coatings (W-DLC) with W con-
centrations ranging from 0 up to 8.6 at.% using the hybrid ion beam deposition technique,
as shown in Figure 13. For the W-DLC coating with a low W concentration (<2.8 at.%), the
WC;_x phase is not detected due to W atoms distributed in the amorphous carbon matrix.
For the W-DLC coating with W concentration between 2.8 and 3.6 at.%, the crystalline
WC;_x nano-particles appeared in the matrix. The chemical bonding states in amorphous
carbon were not changed by the introduction of W atoms, which results in the hardness
and elastic modulus remaining at the original level. However, the bonding structure of
the W atoms in different W concentrations causes a dramatic reduction in the internal
compressive stress through different mechanisms. When W content is below 2.8 at.%, the
stress reduces due to the distortion of bond angles without an increase in elastic energy.
However, when W incorporation is up to 3.6 at.%, the residual stress increases due to the
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formation of a WC;_x phase with a longer W—C bond than the C—C bond. When higher
W concentrations vary from 3.6 to 8.6 at.%, the presence of nano-crystallites WC;_x causes
the residual compressive stress to decrease gradually.

(a2) Pure DLC

. DLCT
i

Si substrate

“spm Pure DLC/Ti
L

Pure DLC
54800 15.0kV 9.9mm x20.0k SEV) e RMS : 5.027 nm

(c2) Ti(2.8 at. %)-DLC Ti(2.8 at. %)-DLC/Ti

Friction Coefficient

Ti(5.8 at. %)-DLC/Ti

o

L
Ti(2.8 at. %)-DLC 0 10 15 20
RMS :9.181 nm Load(N)

Figure 11. HR-TEM images with corresponding FFT images of (aj) pure DLC film and Ti-DLC
films with Ti contents of (by) 2.8 at.%, (c1) 4.0 at.% and (d1) 5.8 at.%; Cross-sectional SEM images of
(az) pure DLC and (cp) Ti (2.8 at.%)-DLC with corresponding 3D AFM morphologies (bz,d;); Scratch
curves and their corresponding optical scratch track images of (az) pure DLC film, and Ti-DLC films
with Ti content of (b3) 2.8 at.% and (c3) 5.8 at.% [54].
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Figure 12. Cr-doped DLC films. (a) Cross-sectional HRTEM of Cr-DLC with 4.8 at.% Cr [53]. (b) The
mechanical properties of Cr-DLC coatings and the temperature-dependent friction coefficient of
DLC coatings [55]. (c) Wear tracks tested at 175 °C and evolution of CoF and wear rates with the
temperatures for samples. DLC:Cr-1 (DLC with Cr 3 at.%); DLC:Cr-2 (DLC with Cr 9 at.%); DLC:Cr-3
(DLC with Cr 20 at.%) [56].
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Figure 13. The TEM images and corresponding FFT images of W-doped DLC coatings with W
contents of (a) 1.9 at.%, (b) 2.8 at.%, (c) 3.6 at.%, (d) 8.6 at.%; residual stress (e) and mechanical
properties (f) of W-doped DLC coatings [57].

The introduction of chemical elements strongly bonding with carbon atoms can fa-
cilitate the transformation of sp? to sp? and break the continuity of the carbon network,
resulting in structural ordering, which reduces the mechanical properties and compressive
stress [58], since the mechanical properties of hydrogen-free DLC coatings are governed by
the carbon hybrid bonding configuration [59].

Some studies [60,61] reported that the doping elements of non-carbide formers in
DLC coatings, such as Al and Ag, improve toughness and absorb internal stresses through
the formation of ductile phases. Meanwhile, the tendency of the sp® bonding in the
carbon matrix towards transforming into sp? bonding causes a decrease in hardness [62].
Yanxia Wu et al. [63] found that the Ag containing DLC coatings doped with different
Ag contents between 3.55 and 11.02 at.% were synthesized using the medium-frequency
unbalanced magnetron sputtering technique, as shown in Figure 14. With an increase in
Ag concentration, the amount and size of the nano-crystalline Ag phase embedded in the
hydrogenated amorphous carbon matrix increased, which decreased the hardness and
internal stress. In particular, with low Ag concentration (3.55 at.%), the internal stress of
the coating is reduced to a low value without a significant decrease in hardness, which
enhances the adhesion strength and presents good durability of Ag surface segregation with
a low CoF in vacuum sliding. The excellent tribological performances of Ag-DLC coating
were governed by the high hardness and lubrication of DLC coating in combination with
the high plasticity, low shear strength and diffusion of the Ag. The addition of non-carbide
chemical elements in DLC coating causes the mechanical properties to deteriorate due to
the softening effect of chemical elements, breaking the disordered sp® bonds’ cross-linking
and causing the conversion of the sp® hybrid bonding to sp? bonding.

According to the relationship between the doped chemical elements and the mechani-
cal properties of the DLC coating, a few mechanisms can be obtained as follows:

(1) The significant achievement of the introduction of the chemical elements, regardless
of bonding with the carbon atoms, causes a dramatic reduction in the internal com-
pressive stress in the DLC coating by reducing the directionality of the C-C bond,
especially for sp> bonds.

(2) Chemical element doping reduces the hardness and elastic modulus of the DLC
coating due to the reconfiguration of the carbon hybrid bonds (sp? and sp®).

(3) The incorporation amount of the different chemical elements generated different
effects on the mechanical properties and the internal stress of the DLC coating, mainly
by affecting the sp? cross-linking network.
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Figure 14. TEM (a—c), surface morphologies (d—-g) and the wear tests (h) of the Ag-DLC coatings [63].
(i) Schematic representation of Ag surface segregation at wear tracks.

Table 1 illustrates the experimental details of the deposition and tribological processes
for DLC films modified by different methods.

Table 1. Deposition parameters and mechanical properties of diamond-like carbon-coated tools.

Deposition Parameters

Reference Main Points Reasons/Remarks
Substrate Interlayer Coating Technique
Ball-on-disc, dry, Fxy =5 N,
CrAlSiN- Cathodic WC ball, DLC was charactized by
[46] Tungsten TIN DLC double arc evapo- CrAlSiN + DLC: HV 5000, high H and low CoF;
carbide layers vap CoF 0.45, better tribological CrAlSiN works supported
ration . .
(2.5 um) properties; this effect.
CrAISiN: HV 3100, CoF 0.55
Fn =5N, WC ball,
FCVA two-layer DLC-WS, (CoF The presence of more
. 0.05): better tribological interfaces increases the
Tungsten . DLC-WS, (graphite) . . .
[1] carbide TiB, multilaver MS (TiB properties; internal stress, changing the
way WS,) 2 DLC-WS, with multilayers: failure from ductile to
2 CoFs (up to 0.5), rapid brittle.
failure
Ball-on-disc, Fyy =5 N,
Stainless #1Cr/CrN/50xCrN/C; alumina ball,
[51] steel MECA #2Cr/CrN/50xCr/C; DLC top DCMS #1: delaminated parts. Lower adherence induced
SND #3Cr/50xCr/C; layer #2: buckling /spallation. the buckling/spallation
#4Cr/100xCr/C; #3: higher adherence.
#4: a few radial cracks.
Ball-on-disc, Fyy = 3 N, AISI
440C ball and TC4 ball,
Single CrN: H 26 GPa, N .
- sdnsion 0N SiglDic; & cembinatonof i
(521 Alsiagoc ~CN/DLCalternating oy pecyp ~ HL17CPaadhesion 70N; oo onding to DLC and
layers CrN/DLC/Cr-DLC: H . .
steel CrN, and multilayer design

10 GPa, adhesion 30-35 N;
wear rate: single DLC >
single crn >
CrN/DLC/Cr-DLC

against crack propagation.
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Table 1. Cont.

Deposition Parameters

Reference - - Main Points Reasons/Remarks
Substrate Interlayer Coating Technique
ball-on-disc, Fyy =5 N,
Al,O; ball, . .
AISI 304 TiN/a-C:H §xTiN/a-C:Hr-11 and 1:2: e excellent tribological
o . re properties of a-C:H and the
[36] austenitic - multilayer PECVD H 17 GPa, critical load to hi
. igh fracture toughness of
steel film fracture 205-210 mN, good multilaver architecture
adhesion to the substrate y ’
and lowest wear.
Single DLC (—150 V): The smoother surface
Si (100) - adhesion 55 N; formed at higher bias
[37] high-speed Cri/nfé‘rclg(/grc Tﬁﬁ\lﬁl/aDIgf HiPIMS TiAIN/DLC multilayer: contributes to ion migration
steel (HSS) Y Y 4.5 pm thick, excellent and diffusion, enhancing
adhesion (L¢ = 63 N) the adhesion.
FN =1N, Si3N4 ball,
. multilayered WC/DLC: The diffusion of carbon in
Alternating -
. H > 45 GPa, H/E~0.15, high the DLC and WC layers at
Si (111) WC and DLC e -
) . durability in wear, without ~ low temperatures formed an
304 with varying : . ..
[34] . WC . MS any cracking or intermixing of atom
stainless periods: 1, 5, Ll g . .
delamination in dry sliding.  interlayers. The multilayer
steel 10, 20, 50, 100, - . e
Low-temperature annealing architecture inhibits the
150 and 200. - . . -
(<400 °C) gives an increase coalescence of vacancies.
in the H and E.
Ball-on-disc, Fyy = 10 N, 319
Alball,
C . Cr-DLC: the sp3 / sp2 ratio, Cr-C or Cr nanocluster
. r Middle- .
Si (111) H and E, and stress decrease reduces the compressive
[55] - (3/4.8/7.2/ frequency . . . !
WC-Co 9.7 at.%)-DLC MS with an increase in Cr, low stress by breaking the
e Cr-doped DLC: stable carbon bonds.
friction (400 °C). Undoped
DLC: higher CoF
DLC on Cr: smoother
morphology, more sp> The lower surface
Ni and Cr lavers with bonding, residual stress roughness of the interlayer
[50] p-type Si 10. 20 an. d}le nm DLC-H PECVD 0.29 GPa, lower CoF and contributes to the atomic
! higher H (27 GPa). diffusion of DLC films and
DLC on Ni: residual stress the high adhesion strength.
1.62 GPa.
Ball-on-disc, Fy =5 N, H/E acts as a guideline to
. . Al,Oj3 ball, evaluate the wear
[39] Yg 8(’))5 ! - l\filctl;ialifr FCVA multilayer ta-C: CoF performance. H is mainly
0.06-0.08, lowest CoF (0.06)  dependent on the soft DLC
and wear rate. layer.
Ball-on-disc, Fy = 10, 20, 40,
80 N, WC-6% Co ball; single
M2 tool Alternating Closed- DLC: brittleness failure (Fyy ~ The interfaces between hard
[40] tecl Si Metal layer Cr, soft and hard field > 20 N), Kic 0.6 MPa ml/2, and soft DLC layers stop the
s (61%(’)) gradient layer Cr/C. DLC layers unbalanced CoF 0.08-0.1. Multilayer crack propagation, acting as
multilayer. MS DLC: better wear resistance barriers.
(Fx =80 N), Kic 2.7 MPa
m'/2, CoF 0.13.
Ball-on-disc, Fy =5 N, GCr
15 steel ball,
DLC films sp? increased with the Ag nanocluster releases the
Stainless with Ag addition of Ag. residual stress, acting as a
[63] steel, Si Si interlayer concentration PECVD 3.55 at.% Ag-DLC: low buffer site, and tends to
(111) of 0 to compressive stress, high form on the surface,
11.02 at.% adhesion strength, low CoF, reducing the friction.
the longest sliding lifetime
in a vacuum.
Ball-on-disc, Fy =5 N,
Cr-doped HiPIMS Al,O3 ball, Cr-C bonds release the
55304 Si DLC films (Cr) Cr-doped DLC: more plastic ~ distortion of C-C bonds and
[56] a 00’) WC interlayer concentra- DC-pulsed behavior, Hpax = 30 GPa, decrease the residual stress.
tions of 3, 9, technology lower CoF, better The transfer carbon
20 at.% © high-temperature frictional tribo-layer reduces wear.

behavior.
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Table 1. Cont.
Deposition Parameters
Reference - - Main Points Reasons/Remarks
Substrate Interlayer Coating Technique
W-DLC: when W The chemical bond structure
. concentration increased, the ~ was not affected by doping
cDorT:cCex;’;}li‘é\; residual stress reduced, then with W. The evolution of
[57] Si (100) - ranging from PECVD increased, and then reduced  residual stress is because of
1.9 tgo 8g6 at.% again, longer C-W bond formation,
' D without any loss of the and then the transition from

mechanical properties. a-C:H-rich to WCy_x-rich.

3. Cutting Performance of DLC-Coated Tools

The literature reported that the machining performance of DLC-coated tools is dictated
by the material to be machined and the cutting condition. The durability, wear rate,
machined surface quality and dimensional precision can be used to evaluate the cutting
performance of the tools. To improve the cutting performance of the DLC-coated tools, the
failure mechanism of the coating in the machining process needs to be clarified; therefore,
a large number of studies reported the cutting properties of the DLC coating in cutting
various materials. Figure 15 shows the systematic diagram of the machining application of
DLC-coated tools for various materials.

Machining application of DLC coated tools for various materials

I [
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Figure 15. Systematic diagram of machining application of DLC-coated tools for various materials.

3.1. Non-Ferrous Metals Cutting Performance

Studies [64] stated that during the dry drilling of aluminum alloys, drill chips easily
adhered to the main cutting edges, rake face and flutes of the drill to block its evacuation,
owing to the low melting point and elastic modulus of aluminum alloys, resulting in rapid
drill failure. Therefore, the challenge relating to machining aluminum alloys is the presence
of BUE due to the strong adhesion between aluminum and the tool material, and the poor
surface quality because of the abrasion of hard particles on the aluminum matrix [44].
This situation demanded that the cutting tools featured an outer smooth layer with anti-
adhesion and lubricant effects and an inner hard layer with high wear resistance [44]. A
few studies [33,65-69] showed that DLC-coated tools are good candidates in machining
aluminum alloys.

There are some studies into the applications of DLC-coated tools in milling aluminum
alloys, as illustrated in Figure 16. Tomasz L. Brzezinka et al. [1] reported that a desirable
cutting performance was obtained by two-layer DLC-WS;-coated milling inserts with a
low CoF (0.05) in face milling of Al-10Si. Depositing the DLC layer onto the WS, layer
can significantly improve the cutting lifetime compared to TiB;, owing to the desirable
lubrication of WS; in the tool—chip interaction, and the better wear resistance and protection
against aluminum sticking of the DLC layer. On the other hand, the formation of a transfer
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lubricant layer at the contact area contributed to reducing the friction force and protecting
the tool surface. Haruyo Fukui et al. [69] reported that in the case of dry machining of the
aluminum alloys, the DLC-coated tools improve the cutting performance, service life and
machined surface finish compared to the uncoated tools. The DLC coating provides low
CoF and lubricant effects to reduce the cutting temperature and resistance. In addition,
the DLC coating provides excellent anti-adherence against aluminum alloy to avoid the
formation of a BUE. The finite element method (FEM) simulation of the cutting process
verified the significant reduction in the cutting force and friction heat for the DLC coating,
accompanied by chips of a small thickness and curl diameter.
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Figure 16. (a) Schematic sketch of milling, SEM of rake and flank face after the dry milling A1Cu2.55i18
alloy, FEM simulation results, types of chips, and changes in machined surface roughness [69].
(b) Tool wear curves of inserts with DLC-WS; coatings and aluminum element mapping images of
the flank face of the mill insert [1].

The applications of DLC-coated tools in drilling have been investigated, as shown in
Figure 17. W.M. Silva et al. [33] reported that the DLC-coated tool with a silicon transition
layer exhibited excellent cutting performance in drilling holes for aluminum alloys. When
drilling 1800 holes, the smaller radial deviations were obtained by the DLC-coated tool
compared with the uncoated tool, due to a lower CoF against aluminum for the DLC-
coated tool. The DLC-coated tool provided all of the holes with low roughness. The wear
of the DLC-coated drill occurred at the drill edge without the cover of the DLC coating,
whereas all of the cutting edges suffered severe wear for the uncoated drills. The method
of minimum quantity lubrication (MQL) is an environmentally friendly cutting technique
and can also provide a more stable process over dry cutting. Sukanta Bhowmick et al. [64]
reported that when drilling 319 aluminum alloy under H,O-MQL and dry conditions,
the mechanical properties of DLC-coated and DLC-H-coated HSS drills, combined with



Coatings 2022, 12,

224

18 of 30

.
MQL Nozzle

A

AverageTorque (N-m)
© - N v & & o

HSS (Dry) —
ur

S
: W

HSS (Flooded)

0o 20 4

60 80 100 120 140
Number of Holes

uncoated tools, were evaluated from the thrust force and drilling torque. The hardness
of DLC-H and DLC coatings were 17.9 and 14.5 GPa, respectively. Under dry conditions,
the average drilling torque of the uncoated HSS drill increased from 2.01 to 4.11 Nm,
corresponding to the 1st to the 49th hole, followed by drill failure. The H-DLC-coated drills
increased from 1.72 to 2.11 Nm across a total of 150 holes with the highest thrust force of
224 N. The DLC-coated HSS drills increased from 1.89 to 2.47 Nm for a total of 150 holes
with the largest thrust force of 256 N. Under the H,O-MQL conditions, the uncoated drill
showed a gradual increase in average torque (15%) from 1.67 to 1.92 Nm over 150 holes.
The increase in the average torque of the DLC-H coated drills was from 1.48 to 1.69 Nm
for all 150 holes, with the highest thrust force of 221 N. The drills with a DLC coating
exhibited an average torque of 1.65 Nm, with the highest thrust forces of 175 N. The average
torque of the DLC-H-coated drill compared favorably with that of the uncoated drills in dry
and H,O-MQL drilling. During HyO-MQL drilling, the DLC coating presented excellent
aluminum anti-adhesion and a steadier drilling process in comparison to DLC-H, with
the smallest BUE formation. The drilling performance of DLC-coated tools is better than
that of DLC-H in HyO-MQL conditions. H. Hanyu et al. [70] reported that the chemical
vapor deposit (CVD) diamond tools with the DLC coating achieved the performance of the
lubrication effect of the DLC coating and the high wear resistance of the CVD diamond
coating. They confirmed that the DLC on CVD diamond was characterized by a low CoF
and excellent anti-sticking against aluminum alloy, which gives them longer durability in
drilling the aluminum alloy than the uncoated ones.

49 holes 150 holes

K
Cotting Edge

150 holes

Figure 17. (a) Experimental set-up and geometry of twist dill, comparison of average torque, and
optical images of drill cutting edges [64]. (b) Front view of drills after drilling 1800 holes, and
evaluation of the roundness and radial deviation [33].

W. Henderer et al. [44] designed a multilayer DLC-H coating of a TiSiN base layer
with high hardness and a CrC/a-C:H top layer with superior friction reduction, used as
the cutting tools for machining aluminum silicon. Compared with TiN + CrC/C- and
DLC-coated taps, TiSiN + CrCx/C-coated taps showed a better tribological performance
due to a low CoF and high hardness.

The turning application of the DLC-coated tools is shown in Figure 18. Mingjiang Dai
et al. [65] stated that the diamond-coated insert exhibited a strong advantage for cutting
aluminum alloy in comparison with the uncoated and DLC-coated inserts, showing a much
longer tool life than that of the uncoated insert, which was 55 times longer for cutting
Al-Si alloy and 27 times longer for cutting aluminum bronze. However, the DLC-coated
insert showed a similar tool life for cutting high-Si-Al alloy as the uncoated one, while
the tool life was seven times longer for cutting aluminum bronze and 1.5 times longer
for machining mid-Si-Al alloy. Santos et al. [70] analyzed the machining performance of
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i

the cemented carbide cutting tools with the DLC coating in turning for Al-Si alloys. The
DLC-coated cutting tools provided a higher machined surface finish and a lower CoF than
uncoated tools. The uncoated tools presented an obvious BUE due to strong adhesion with
the aluminum, which increased the cutting force, in comparison with the DLC tools.

(€¢) Machining Al-12Si
uncoated

Machining Al-16Si

F = Machining Force

Fe= Cutting Force

Fi = Feed Force

X108 100mm

Fp= Passive Force

Flank wear width (mm)

o
13

£

£

in
v

B
-

DLC coated insert

PLC coated PLC coated

500 1000

1500

Cutting length (m)

2000 2500

X108 100mm X100 100xm

Figure 18. (a) Schematic draw of the turning operation [71]. (b) The wear curves of the inserts [65].
(c) Aluminum adhesion in the tools [71].

Irfan ucun et al. [72] stated that when micro-milling Inconel 718 superalloy by using
uncoated and the DLC-coated tools, the coated tools prominently reduced the cutting forces
and increased the surface smoothness of the workpiece. Additionally, the DLC-coated tool
typically presented better properties against burr formation than the uncoated tool. The
experimental results are exhibited in Figure 19.

Ti-6Al-4V alloy is considered to be a difficult-to-machine material and has excellent
performance as a biomaterial [73]. The significant challenge related to machining titanium
alloy is attributed to the super-high cutting thermal accumulation induced by poor thermal
conductivity and the further formation of an ultra-hard surface layer, and a strong tendency
to chemically react with almost all tool materials and coatings at cutting temperatures
above 500 °C [74,75]. Maksym Ziberov et al. [76] reported that the DLC-coated microtools
presented the lowest tool wear during dry micro-milling of the Ti-6Al-4V alloy, compared
to the TiAIN-coated and the uncoated microtools, which is attributed to the greater thermal
conductivity and lower CoF of the DLC-coated tools, resulting in lower feeding forces,
consequently increasing the durability of the microtools. As shown in Figure 20, the heavier
wear for uncoated and TiAIN-coated compared to DLC-coated tools was presented under
the minimum quantity of lubricant (MQL) rather than under dry machinery; therefore,
the application of MQL may not be suitable when micro-milling titanium alloy, which is
attributed to the cyclical temperature change at the tool-workpiece interface generated by
the discontinuous contact in the cutting process. This cyclic change may be enhanced when
cutting fluid is available, which induced thermal fatigue. In addition, at a high cutting
temperature, the fluid fails to provide lubrication properly—it only provides cooling.
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Figure 19. The micro-end milling of Inconel 718 superalloy [72]. (a) Experimental setup. (b) Burr
formation. (c) Variation of BUE formation. (d) Three-dimensional topographic images of the ma-

chined surfaces.
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Figure 20. Dry micro-milling of the Ti-6Al-4V alloy [76]. (A) Microtools” working life comparison.
Wear morphologies of cutting edge and BUE of (a) uncoated tool, (b) TiAIN coated tool, (¢) DLC
coated tool under dry conditions.

3.2. Hardened Steel Cutting Performance

DLC-coated tools are virtually never employed to machine steel, due to the chemi-
cal reaction between carbon and titanium. However, several studies have reported the
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application of tools with DLC coatings in steel machining. The study [77] reported the
performance of four tool coatings in the high-speed milling of mold steels NAK80 and
SKD61; the DLC-coated tools provided a high-quality machined surface at a small feed
rate, but no obvious improvement in durability. Paramet Baowan et al. [32] compared the
milling performance of cemented carbide end mills with the DLC and TiAIN coatings on
304 L stainless steel milling under dry conditions. The DLC-coated tools exhibited serious
chipping abrasion due to graphitization under relatively high temperature, but contributed
to the high surface quality.

However, some studies reported that the DLC-coated tools are also advisable in
machining some special steels. Pradeep V Badiger et al. [78] studied the machining per-
formance of a DLC-coated insert in turning highly alloyed steel MDN431 in both wet and
dry conditions; the DLC coating is conducive to decreasing feeding forces, improving the
quality machined surface, and extending the tool durability. The tap coated with TIAICN-
DLC double-layer [79] helped to improve the running-in characteristics of chip removal
and is especially suitable for machining austempered ductile iron ADI-900, owing to its
good anti-adhesion properties and low CoF. The blind holes in 1.4571 austenitic stainless
steel were conducted by taps coated with TiCN-DLC with the high anti-abrasive property
of TiCN in combination with the superior lubrication behavior of DLC. G. Fox-Rabinovich
et al. [80] stated that the best cutting performance in drilling 7200 holes was obtained by
the low-hydrogen DLC coating, which provided a promising surface finish of the drilled
holes and low flank wear.

As shown in Figure 21, S.N. Grigoriev et al. [9] reported that a DLC-coated tool
with 35 at.% Si exhibited the highest wear resistance compared with two different Si-
concentration (2 and 58 at.% Si) DLC-coated tools and uncoated ceramic tools in machining
AISI 52,100 (HRC 56-58) hardened steel. The tool with the 2 at.% Si-DLC coating demon-
strated a strong tendency to stick to the machined material, and the wear mechanism was
adhesive-fatigue. Moreover, the tool with 58 at.% Si-DLC was apt to form cracks, domi-
nated by transverse cracks propagating into the ceramic substrate. The tool with 35 at.%
Si-DLC presented excellent anti-adhesion to the machined material and good toughness to
restrict crack growth.

DLC-1 3577GPa

—
P

DLC-2 37.61GPa
L r e

5
Si-DLC |
DLC-3 36.15GPa ‘" &

Le
i
10

i €220
2

Cutting time. . min

Tool wear on the flank face 1

Figure 21. DLC-coated tools in machining AISI 52,100 (HRC 56-58) hardened steel [9]. (a) Cross-
sectional TEM of the samples. (b) Three-dimensional scans of worn faces. (c) Tool wear on the rake
face. (d) Tool wear on the flank face after cutting for 12 min.

As illustrated in Figure 22, Ch Sateesh Kumar et al. [11] compared the dry turn-
ing performances of the hydrogenated DLC and WC/C multiplayer coatings deposited
on Al,O3/TiCN composite ceramic cutting tools in the machining the AISI 52,100 steel
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(62 HRC). Coating delamination occurred in both WC/C and DLC coatings in steel cutting,
but was less serious for the tool with WC/C multiplayer coating, which is caused by a
higher adhesion strength at the interface between the WC/C coating and the substrate
(51IN) compared with the DLC coating (44N). In combination with the higher thermal
stability, the WC/C coating presents less severe flaking than the DLC coating. Meanwhile,
the two kinds of coated tools presented better wear resistance and cutting performance
than the uncoated ones.

(c) DLC coated

Workpiece
AIS1 52100 steel

Tailstock
Insert F .
SNGA120408 f Abrasive wear
Tool holder
PSBNR2020K12 Grooves

Dynamometer Coating flaking

Q — (e) WC/C coated Il
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04 b 77 1
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g

A

Figure 22. Dry turning performances of the hydrogenated DLC and WC/C multiplayer coatings [11].
(a) Experimental setup for turning. (b) Average flank wear of cutting tools. SEM micrographs of the
flank surface for the DLC-coated cutting tool (c) and the WC/C-coated cutting tool (e). (d,f) are the
magnified images of the corresponding yellow rectangle area in (c,e) respectively.

3.3. Metal-Compound Materials Cutting Performance

The demand for materials with a high strength weight ratio is growing in the aeronau-
tical, marine and automotive industries, promoting the development and modification of
carbon fiber-reinforced plastic (CFRP) composites [81,82]. Multi-material stacks with high
overall mechanical properties due to the multiple materials, such as CFRP and metals, are
novel modification materials [83,84]. However, the machining of multi-material stacks is
challenging because of the significant discrepancy between the mechanical properties of
each material.

The cutting forces and heat generation during CFRP machining are lower compared
to that of metals [85]. In addition, inter-laminar cracking and delamination and poor
surface finish are common difficulties that occur in cutting multi-material stacks [85-87].
Meanwhile, the cutting tools suitable for machining CFRP composite materials are inac-
cessible owing to the low thermal conductivity, composition nonuniformity and abrasive
characteristics of the carbon fibers and resin matrix. Extensive research has been conducted
to solve these difficulties [83,84,88-94].

Dongcan Zhang et al. [95] reported that the surface topography of DLC films is flatter
compared to CVD diamond films, which are characterized by a morphology comrpised
octahedral asperities and deep valleys. DLC films showed a lower CoF and stronger
adhesion to the WC-Co substrate in comparison with CVD diamond films. The flank
abrasion of the tools with a CVD diamond coating maintains a low degree before peeling
off from the substrate, whereas the DLC-coated tool always maintains nearly constant
wear during the whole turning process. Lei Huang et al. [10] found that the lowest wear
rate, longest durability and best quality machined surface were obtained by Ti-DLC/a-
C:H multilayer film with the dominant wear form of abrasive wear in turning GFRP,
without obvious diffusion wear and oxidative wear. Figure 23 shows the flank wear of the
non-coated, a-C:H-coated and Ti-DLC/a-C:H-coated cutting tools.
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Figure 23. Ti-DLC/a-C:H multilayer film in turning GFRP [10]. (a) The flank wear variation and
corresponding machined surface quality. (b) The flank wear images.

A. D’Orazio et al. [81] demonstrated that abrasion is the dominant wear form for
TiAIN-coated tools. The flank wear of the TIAIN nanocomposite-coated tool exceeded
2.25 times that of the tool with the DLC coating. The dominant wear mechanism of the
tool with the DLC coating is chipping, edge rounding and flank wear, with no built-up
edge (BUE) in the drilling of the CFRP/AA7075 stack. The DLC-coated tool displayed a
lower peak thrust force and delamination factor value during the drilling of stacks than
that of the TiAlIN-coated drills, which depends on tool wear and thrust force. In addition,
the discrepancy between DCFRPin and DCFRPout using the TiAIN-coated tool is more
pronounced than that with the DLC tool, as shown in Figure 24.

Load cell (LC)

/
/

0 20 4 6 80 100 10 140 160 180
Number of holes

Flank face

Figure 24. The cutting tools in the drilling of the CFRP/AA7075 stack [81]. (a) Experimental setup
for drilling the CFRP/AA7075 stack. (b) Flank face after drilling 170 holes. (c) Evolution of flank
wear, thrust force and delamination factor (DF).

Vandevelde et al. [96] investigated the machining performances of DLC- and CVD
diamond-coated tools during the dry cutting of a Al-5iC metal matrix composite in compar-
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ison to uncoated cemented carbon tool. The results exhibit that uncoated WC-Co inserts are
not recommended for turning the Al-S5iC metal matrix composite because of the breakage
of the cutting edge and large BUE formation. The tool with the DLC coating suffered from
severe abrasive wear of the Al-SiC composite and was worn away quickly. The DLC-coated
inserts did not enhance the tool’s durability. Relatively better machining performance was
obtained by the inserts with the CVD diamond coating, which is a potential substitute for
PCD-tipped tools during the dry machining of Al-5iC metal matrix composites.

The deposition details and cutting performance of DLC-coated tools for machining

different materials are tabulated in Table 2.

Table 2. Deposition parameters and cutting performance of diamond-like carbon-coated tools.

Deposition Parameters

Cutting

Experimental

References . . Results/Remarks
Substrate Coating Technique Material Conditions
The DLC-coated tools
SAE 323 showed better performance
[33] Cemented Si base PECVD aluminum Drilling (dry, Vc = 217m/min, in dimensional accuracy
g carbide layer +DLC 1 11,500 rpm, 1800 holes) and roughness, owing to the
atoy high hardness and low
friction.
DLC-coated tools reduce the
s cutting resistance and
[69] Cemented DLC Vacuum arc Aluminum Mlvumé’ é(él)g}rfna/rﬁir\:/et, formation of BUE, due to a
carbide discharge alloy ¢ c 0_1 5 mm /rev; low CoF and good
e anti-adhering property
without a lubricant.
DLC coating decreased BUE
Inconel 718 Micro-milling (dry, spindle and burr formation,
[72] - DLC PECVD nickel-based . & (1Y sp generating a low cutting
rotation speed = 20,000 rpm)
superalloy force and better surface
quality.
DLC-coated microtools
AL S . presented the lowest wear
[76] - DLC - Ti-6Al-4V M1cr9 milling (dry, spindle under dry condition. The
alloy rotation speed = 6000 rpm) .
main wear types were edge
rounding and flank wear.
The 35 at.% Si-DLC-coated
(ALO; + TiC) (Cr.ALSIN + AISI 52,100 Turning (Ve = 320 m/min, tool e>.<h1b1ted superior wear
[9] . . PECVD hardened resistance due to good
ceramic DLC-Si ap =0.5mm, f=0.1 mm/rev) . .
steel P anti-adhesion and crack
propagation resistance.
DLC-coated insert
Glass fiber presented more severe flank
g Vacuum arc reinforced Turning (V¢ =250 m/min, wear than the
[95] WC—Co DLC discharge plastics ap =1 mm, f=0.1 mm/r) diamond-coated insert, but
(GFRP) diamond films peeled off
sooner.
The multilayer film
Ti-DLC/a- MS (Ti-DLC); Turning (dr presented better toughness
[10] Cemented C:H linear ion GFRP Ve = 250%11 /n}‘:,in and adhesion, the minimum
carbide multilayer source a =0 gr;lm =01 m/m /1) wear rate, best-machined
film (a-C:H) L T surface quality and the
longest tool life.
The DLC-coated drill
s . showed lower wear,
Tunesten Three-layer VDrltlhng_(\Sl(():OB :7&8 fI: e/dn:::;e delamination factor and
[81] &8 DLC - CFRP/AA7075 spindle = pm, thrust force. The main wear
carbide =1300 mm/min, f = 0.2 L. ..
stacks mm/rev) mechanism is chipping,
edge rounding and
abrasion.
Hvbrid TiSiN + CrCx/C-coated taps
Cemented TiSiN + yore . Tapping (V¢ = 190 m/min, showed a lower CoF, better
[44] . cathodic 390 AlSil17 . .
carbide CrC/a-C:H arc/sputter water solute coolant) wear resistance and superior

anti-adhesive property.
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Table 2. Cont.

Deposition Parameters i :
References P Cuttlr}g Experlr'n.ental Results/Remarks
Substrate Coating Technique Material Conditions
- The two-layer
TiB, + FCVA Milling DLC-WS,-coated tools
i (feed rate = 1880 mm/min,
(] Tungsten DLC-WS, (graphite) AI-10Si tool speed = 6265 rpm reduced the tool wear,
carbide multilayer MS (TiB,, . enhanced the tool durability
. ap = 10 mm, . .
coating WS;) v P 500 m/min) and surface finish of
€= machined material.
DLC-coated insert showed
longer wear life for
Vacuum Al-22%wt. Si m ac‘hmmg Al-Cuand
. mid-Si-Al alloys, no better
YG cathode alloy, Cutting (dry, erformance for hieh-Si-Al
[65] Cemented Ti/TiC + DLC multi-arc mid-Si-Al V¢ =180 m/min, P &
. o alloy. However, the
carbide deposition alloy and ap =0.2mm, f=0.1 mm/r) . .
(VCAD) ALCu diamond-coated insert has
an overwhelming
advantage for cutting these
aluminum alloys.
NH-DLC drills presented
MS a1 better cutting performance
- Hss %é%fg (NH-DLC);  AL6Si alloy d’“llm\g/ (Ifzg)'x%l;“d dry, than H-DLC under
H.DLC MS + PECVD (319 Al) ¢ 0.25 mm s ') H,0-MQL, because of less
(H-DLC) ap = v torque, thrust force and
smaller BUE.
WC/C showed a high CoF
Al O3/TiCn H-DLC Hardened Turning (dry, and lower H but good wear
[11] mixed WC/C (2 /m) MS 52,100 steel Ve =150 m/min, resistance and thermal
ceramic K (62 HRC) ap = 0.12 mm/rev) stability, and can stop the
crack propagation.
DLC-coated tools did not
Cemented CrC/C+ . Turning (V¢ = 450 m/min, show any superiority,
701 carbide H-DLC PECVD Al-Sialloy ap =0.5 mm, f =0.15 mm/rot) except for reducing the
feeding force.
DLC coating did not prefer
AI-SiC metal Turning (dry,. machining alurr}lgum alloys
matrix Ve =100 m/min, under dry conditions due to
DLC, CVD . f=0.1 mm/rev, ap = 0.5 mm) low H and bad adhesion.
[%] WC-6Co diamond PECVD C()Anllgr?;/llt_e’ Milling (dry, V¢ = 510 m/min, Diamond-coated tools
f =550 mm/min, a, = 6 mm, showed improvement for
nCu0.5 . . P . .
cutting width = 1 mm) machining aluminum
alloys.
Uncoated tools showed
PECVD Drilling (Semi-dry with MQL, much BUE (1?1n ’gw cutt}11ng
WC-Co (DLC) depth = 18 mm edge and the flute. The
[71] o Diamond + DLC hot filament Al-Si alloy . DLC/diamond-coated tools
(6 wt.%) V¢ =85 m/min,
CVD £=0.12 mm/rev) showed much better
(diamond) e sticking resistance than

diamond-coated tools.

4. Conclusions and Future Challenges

The tool coating, as a layer between the tool substrate and the workpiece in the
machining process, plays an important role to obtain excellent cutting performance, good
thermal barrier effect and high-quality machined surface. DLC coating, as a kind of cutting-
tool coating material, has been used in cutting various materials because of its low CoF, high
hardness and good chemical inert. However, several drawbacks in mechanical properties,
such as high internal compression stress and poor adhesion to the substrate, severely limit
the application of DLC coatings in machining and manufacturing. This paper provides
a summary for improving the limitations of DLC coatings via various methods. Several
findings are summarized as follows.

(1) The multilayer architectures in DLC coating modifications are composed of a DLC
layer with high sp? contents and other alternating layers, such as a nitride layer, a
lubricant layer, a carbon-containing compound layer or a soft DLC layer with low
sp® contents. The multi-interface structures contributed to an increase in hardness



Coatings 2022, 12, 224

26 of 30

@)

®)

and toughness and a decrease in internal stress by restricting the crack formation
and propagation, which helps to improve the cutting performance. In particular, the
period ratio and bilayer period are crucial parameters in the properties of multilayer
DLC coatings.

The introduction of graded transition layers can narrow the gap in the mechanical
properties between the substrate and the DLC top layer, generating the redistribu-
tion of the internal stress and high adhesion to the substrate, finally increasing the
wear resistance and durability of the DLC coatings. The transition layer can be a
carbon-containing intermediate layer, a nitride layer, or a metal. Among the com-
plicated layer structures such as a multilayer or graded layer structure, a multilayer
architecture is not only conducive to stress relief and adhesion increase, but also crack
propagation inhibition.

The addition of chemical elements is an effective method for residual stress reduc-
tion and adhesion improvement and enhances the toughness by suppressing the
deformation and propagation of cracks. Meanwhile, this reduces the hardness and
elastic modulus of the DLC coating due to the reconfiguration of the carbon hybrid
bonds (sp? and sp®). The incorporation amount of the different chemical elements
generated different effects on the mechanical properties and the internal stress of the
DLC coating mainly by affecting the sp? cross-linking network.

This paper demonstrates the cutting performance of the DLC-coated tools in machining

different materials. Several findings are summarized as follows:

@

@)

®)

The tools with a DLC coating have noticeable superiority in machining non-ferrous
metals, mainly because of their excellent anti-adhesive properties, which contribute to
reducing the cutting force and friction temperature, increasing the surface smoothness
of the workpiece. During the machining of titanium alloys, the DLC-coated tools
presented good chemical inertness and a low coefficient of friction to enhance the
tool’s durability.

The DLC-coated tools can be used to machine some special steel, such as highly
alloyed steel, austempered ductile iron and austenitic stainless steel, due to DLC’s
good anti-adhesion properties and low coefficient of friction. Some modification
methods, including doping with chemical elements and a multilayer architecture, can
improve the DLC-coated tools” toughness and cutting performance.

The DLC-coated tools are suitable to machine compound materials composed of
carbon fiber-reinforced plastic (CFRP) and metals, characterized by low thermal
conductivity, composition nonuniformity and abrasive characteristic; the biggest
contribution of the DLC-coated tools is low CoF, which contributed to reducing the
feeding force and temperature.
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